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A minimal solution to the flavor problem of warped extra-dimension models, i.e. the excessive
mixed-chirality contribution to CP violation in K–K¯ mixing arising from Kaluza-Klein (KK) gluon
exchange, is proposed. Extending the strong-interaction gauge group in the bulk by an additional
SU(3), and breaking this symmetry to QCD via boundary conditions, the constraints arising from
the ǫK parameter are significantly relaxed. As a result, KK scales MKK ∼ 2TeV are consistent
with all flavor observables without significant fine-tuning. The model predicts the existence of an
extended Higgs sector featuring massive color-octet scalars and a tower of KK pseudo-axial gluon
resonances, whose existence is not in conflict with recent LHC dijet bounds.
PACS numbers: 11.10.Kk, 12.60.-i, 12.90.+b, 13.20.Eb, 14.65.Ha
Randall-Sundrum (RS) models featuring a warped ex-
tra dimension, in which Minkowski space is embedded
in a slice of five-dimensional (5D) anti-de Sitter space
with curvature k and radius r, represent one of the most
compelling candidates for an extension of the Standard
Model (SM) [1]. These models can explain the hierar-
chy problem and the flavor puzzle in terms of the same
geometrical mechanism. At different points along the ex-
tra dimension, the warp factor e−kr|φ| rescales the units
of length and mass in such a way that the fundamen-
tal Planck scale is warped down from 1019GeV to the
TeV scale as φ varies between 0 (UV brane) to π (IR
brane). As a consequence, the Higgs mass is stabilized
around the electroweak scale as long as the Higgs sector
is localized near the IR brane. All other SM particles
are allowed to propagate in the bulk. Depending on the
choice of the 5D mass parameters, the wave functions
of the lowest-lying (SM) fermions turn out to be local-
ized near one of the two branes [2, 3]. Their overlap
with the Higgs profile determines the masses of the SM
fermions and their Yukawa couplings. Fermion localiza-
tion in the warped extra dimension naturally explains the
hierarchies observed in the spectrum of quark masses and
mixing angles [4]. The same flavor-dependent overlap
factors govern the couplings of the SM quarks to Kaluza-
Klein (KK) excitations of the gauge bosons, which like
the Higgs boson are localized near the IR brane. As a
result, tree-level flavor-changing neutral current (FCNC)
processes induced by KK boson or Higgs exchange are
strongly suppressed. This so-called RS-GIM mechanism
[5] has proven to be very effective in suppressing FCNC
transitions in B, D and kaon physics [4–9]. The sin-
gle exception is the CP-violating observable ǫK in K–K¯
oscillations [7], for which a fine-tuning of order 1% is re-
quired for KK masses in the few TeV range. The reason
lies in the strong chiral enhancement of mixed-chirality
four-quark operators contributing to this observable.
Different proposals to mitigate this “RS flavor prob-
lem” have been made. For example, imposing a discrete
flavor symmetry in the bulk one can eliminate the rele-
vant flavor non-diagonal overlap integrals at leading or-
der in v2/M2KK [10–13]. The problem that this mech-
anism is very sensitive to small symmetry-breaking ef-
fects can be avoided by gauging the flavor symmetry.
While the appropriate implementation of such a symme-
try gives rise to viable models [14], the attractive feature
of a purely geometric explanation of flavor hierarchies is
lost if a flavor symmetry is imposed in the 5D theory.
An alternative is to lower the UV cutoff of the model to
a value significantly below the Planck scale [15]. This
rescales the Wilson coefficients of the dangerous oper-
ators proportional to L = ln(ΛUV/ΛIR). However, it
turns out that for too small L values the RS GIM mech-
anism becomes inoperative [16], and therefore the RS
flavor problem reappears. The ǫK constraint can also be
relaxed by taking the Higgs sector off the IR brane and
including loop corrections in the relation between the 5D
and 4D gauge couplings [17].
In this Letter, we propose a novel solution to the
RS flavor problem based on an extension of the strong-
interaction gauge group in the bulk. The enlarged sym-
metry is broken via boundary conditions (BCs) to the
gauge group of the SM. We show that the dangerous
mixed-chirality operators contributing to ǫK are can-
celled for a large class of BCs. More specifically, we
assume that the QCD gauge symmetry in the bulk is ex-
tended to SU(3)D × SU(3)S. The 5D color-octet gauge
bosons GDµ and G
S
µ couple to SU(2)L quark doublets and
singlets with coupling strengths gD and gS , respectively:
Lint ∋ gD Q¯GDµ γµQ+ gS q¯ GSµγµq . (1)
We break this extended symmetry by a suitable choice
of BCs on the UV and IR branes. In order to recover
the SM gluon, the couplings of the combination gµ =
GDµ cos θ +G
S
µ sin θ, with tan θ = gD/gS, to 5D doublets
and singlets must be identified with the strong coupling
gs, and the corresponding KK tower must allow for a
zero mode. We will refer to the orthogonal combination
Aµ = −GDµ sin θ+GSµ cos θ as pseudo-axial gluon. Eq. (1)
implies
Lint ∋ gs
(
Q¯ gµγ
µQ+ q¯ gµγ
µq
)
+ gs
(− tan θ Q¯AµγµQ+ cot θ q¯ Aµγµq) , (2)
2where gs =
√
g2D + g
2
S sin θ cos θ. Up to higher-order cor-
rections in v2/M2KK, the left-handed (right-handed) SM
quarks are the zero modes of the 5D doublets Q (sin-
glets q). As a result, the contributions to mixed-chirality
four-quark operators induced by KK gluon and pseudo-
axial gluon exchange (see Figure 1) cancel each other,
independently of the mixing angle θ, provided that the
corresponding 5D propagators have the same form.
In Feynman gauge, the propagator for a 5D gauge field
in the mixed position-momentum representation can be
written as
iD(t, t′; p) gµν =
∑
n
−igµν
p2 −m2n + iǫ
χn(t)χn(t
′) , (3)
where the right-hand side consists of the sum over the
4D propagators for the KK modes, and the profiles χn(t)
describe the KK wave functions along the extra dimen-
sion. We parametrize the fifth coordinate by a dimen-
sionless variable t = ǫ ekr|φ| ∈ [ǫ, 1], where ǫ ∼ MW /MPl
is the ratio of the electroweak and Planck scales. The
two branes are localized at t = ǫ (UV) and t = 1 (IR).
In low-energy processes the propagator is required at
p2 ≈ 0, in which case the sum over KK modes can be
evaluated in closed form. The result depends on the
BCs imposed on the wave functions χn(t). For the KK
tower of the gluon, the choice of Neumann-Neumann
BCs, ∂tχ
(g)
n (ǫ) = ∂tχ
(g)
n (1) = 0, allows for a massless
mode. In this case the sum over KK modes gives (ignor-
ing tiny O(ǫ2) terms) [8]
∑
n≥1
χ
(g)
n (t)χ
(g)
n (t′)
m2n
=
L
4πM2KK
×
[
t2< −
t2
L
(
1
2
− ln t
)
− t
′2
L
(
1
2
− ln t′
)
+
1
2L2
]
,
(4)
where t2< ≡ min(t2, t′2), L = ln(1/ǫ), and MKK = kǫ
sets the mass scale for the low-lying KK modes. Only
the first term on the right-hand side (∝ t2<) gives rise
to ∆F = 2 transitions such as meson-antimeson mixing.
A general parametrization of new-physics contributions
to the effective Hamiltonian for K–K¯ mixing in the RS
model requires the operators
Qsd1 = (d¯Lγ
µsL) (d¯LγµsL) ,
Q˜sd1 = (d¯Rγ
µsR) (d¯RγµsR) ,
Qsd4 = −
1
2
(d¯αLγ
µsβL) (d¯
β
Rγµs
α
R) = (d¯RsL) (d¯LsR) ,
Qsd5 = −
1
2
(d¯Lγ
µsL) (d¯RγµsR) = (d¯
α
Rs
β
L) (d¯
β
Ls
α
R) ,
(5)
multiplied by Wilson coefficients C1,4,5 and C˜1. In the
SM only Qsd1 contributes, while in the minimal RS model
all four Wilson coefficients receive contributions of order
g2sL/M
2
KK times small flavor-changing couplings from KK
gluon exchange [9]. The suppression by the KK scale
MKK ∼ few TeV is compensated by the fact that in
L
L R
R
FIG. 1. Tree-level contributions to mixed-chirality four-quark
operators due to KK gluon and pseudo-axial gluon exchange.
the RS model K–K¯ mixing arises at tree level, while
it is loop-suppressed in the SM. In terms of the effective
Hamiltonian, the KL−KS mass difference ∆mK and the
CP-violating quantity ǫK are given by
∆mK = 2Re 〈K0|H∆S=2eff |K¯0〉 ,
ǫK =
κǫ e
iφǫ
√
2 (∆mK)exp
Im 〈K0|H∆S=2eff |K¯0〉 ,
(6)
where φǫ = (43.51± 0.05)◦ and κǫ = 0.92± 0.02 [18]. In
terms of the Wilson coefficients renormalized at the KK
scale, one obtains approximately [9]
〈K0|H∆S=2eff |K¯0〉 ∝ C1 + C˜1 + 115
(
C4 +
C5
Nc
)
. (7)
The key role of the mixed-chirality operators Qsd4,5 results
from a chiral enhancement∼ (m2K/ms)2 and a significant
renormalization-group evolution fromMKK to a hadronic
scale µ ≈ 2GeV. These contributions tend to dominate
over the SM unless the KK scale is raised above 10TeV.
In order to cancel the contributions from KK gluon
exchange to the mixed-chirality operators, the sum over
the pseudo-axial gluon tower must give rise to the same
∆F = 2 contributions as in the case of (4), up to cor-
rections of order v2/M4KK. Remarkably, we find that this
is indeed the case for a very large class of BCs. For ex-
ample, imposing Neumann BCs ∂tχ
(A)
n (ǫ) = 0 on the UV
brane and mixed BCs
∂tχ
(A)
n (1) = −r1 χ(A)n (1) (8)
on the IR brane, we obtain
∑
n
χ
(A)
n (t)χ
(A)
n (t′)
m2n
=
L
4πM2KK
[
t2< − t2 − t′2 + 1 +
2
r1
]
.
(9)
Dirichlet BCs, χ
(A)
n (1) = 0, correspond to the limit r1 →
∞. For t = t′ each term in the sum is positive, and
the requirement of positivity of the right-hand side (for
ǫ ≤ t ≤ 1) implies that r1 ≥ 0; for negative r1, the
BCs (8) would lead to tachyonic solutions with m2n < 0
for some n. The leading ∆F = 2 contributions arise
from the t2< term, which has the same coefficient as in
(4). Dropping O(ǫ2) corrections, the mass mA1 of the
lightest pseudo-axial gluon is determined by the smallest
eigenvalue of the equation x1 [Y0(ǫx1)J0(x1)− Y0(x1)] =
−r1 [Y0(ǫx1)J1(x1)− Y1(x1)], with x1 = mA1/MKK. For
3values r1 ≪ 1 we obtain x1 ≈
√
r1/L, whereas for r1 ≫
1 the solution quickly approaches x1 ≈ 0.235 (for ǫ =
10−16). Unfortunately, such a light pseudo-axial gluon,
which would couple with almost equal strength to all SM
quarks, is excluded by LHC dijet bounds [19, 20], unless
the KK scale is raised above 10TeV, in which case the
RS flavor problem does not pose itself in the first place.
We are thus led to consider mixed boundary conditions
∂tχ
(A)
n (ǫ) = rǫ χ
(A)
n (ǫ) (10)
also on the UV brane, where once again we must impose
rǫ > 0. This gives∑
n
χ
(A)
n (t)χ
(A)
n (t′)
m2n
=
L
4πM2KK
[
t2< −
r1
2 + r1
t2t′2 +O(ǫ)
]
(11)
independently of the value of rǫ, as long as we assume
that rǫ is not of order ǫ, which would appear as a rather
artificial choice. While the coefficient of the t2< term is
still the same as in (4), the new contribution proportional
to t2t′2 gives rise to additional ∆F = 2 effects. In order to
make these contributions subleading, we need to require
that r1 = O(v2/M2KK) or smaller. In this case, the mass
of the lightest pseudo-axial gluon is determined by the
first eigenvalue of the equation x1J0(x1) = −r1J1(x1),
and hencemA1 ≈ (2.405+r1/2.405)MKK to first order in
r1. Since the wave functions of the KK pseudo-axial glu-
ons are localized near the IR brane, they couple primarily
to top-quarks. Even for KK scales as low as 1TeV, such
resonances are not excluded by existing collider data.
The mixed BC (8) with small r1 is indeed natural. In
order to write down gauge-invariant Yukawa couplings
for the quarks in our extended model, we must extend
the Higgs sector as well. A minimal possibility is that
the scalar field coupling to quarks transforms as (3,3,2)
under SU(3)D×SU(3)S×SU(2)L [21]. In the process of
electroweak symmetry breaking, the color-singlet vacuum
expectation value of the Higgs field automatically breaks
SU(3)D × SU(3)S → SU(3)c on the IR brane. While
the precise nature of this symmetry breaking is model
dependent, the connection with the weak scale naturally
implies that r1 = ξL v
2/M2KK with ξ = O(1), where a
factor of L appears generically due to our choice of BCs.
The ∆F = 2 contributions to the mixed-chirality op-
erators cancel at leading order in 1/M2KK when one adds
the effects from the KK towers of gluons and pseudo-axial
gluons, independently of the value of θ. The coefficients
C1 and C˜1 become enhanced by θ-dependent factors with
respect to the minimal RS model, while the coefficients
C4,5 ∼ v2/M4KK become sufficiently suppressed to offset
the large prefactor in (7). Using the notation from [8, 9]
for the relevant overlap integrals, we obtain for the lead-
ing terms (at a scale µ ≈MKK)
C1 =
παsL
M2KK
(
1− 1
Nc
) (∆˜D)12 ⊗ (∆˜D)12
cos2 θ
,
C˜1 =
παsL
M2KK
(
1− 1
Nc
) (∆˜d)12 ⊗ (∆˜d)12
sin2 θ
, (12)
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FIG. 2. The CP-violating observable |ǫK | as a function of
MKK for the minimal RS model (upper plot) and the model
with a pseudo-axial gluon with tan θ = 1 and ξ = 1 (lower
plot). The red lines represent fourth-order polynomial fits in
M−1
KK
, which illustrate the decoupling behavior for largeMKK.
C4 = −NcC5 = −4παsL
M2KK
[
r1
4
(∆D)12 (∆d)12
+
(∆˜D)12 ⊗ (ε˜d)12
cos2 θ
+
(ε˜D)12 ⊗ (∆˜d)12
sin2 θ
]
,
where ∆i, ∆˜i = O(1), but r1, ε˜i = O(v2/M2KK).
We have implemented the exact results for the Wil-
son coefficients, including small electroweak contribu-
tions and higher-order terms in v/MKK, and computed
|ǫK | for a dataset of 5000 parameter points yielding ac-
ceptable values for the quark masses and CKM parame-
ters. The results are shown in Figure 2. The upper plot
corresponds to the minimal RS model, while the lower
one is obtained in the extended model with tan θ = 1
and ξ = 1. The results are largely independent of the
precise values of these parameters as long as sin θ or
cos θ are not very small. The black points correspond
to parameter sets which reproduce |ǫK | ∈ [1.2, 3.2] · 10−3
within the phenomenologically allowed range, taking into
account the uncertainty in the SM prediction. The solid
4lines in the two plots show fits to the median value of
|ǫK |, from which one can read off the resulting bounds
on the KK scale. While in the minimal RS model the
median falls within the allowed range only for large val-
ues MKK > 9TeV, in the extended model this happens
already for MKK > 2.5TeV. Note that the masses of
the lowest-lying KK states are approximately equal to
2.45MKK. The following table shows the percentages of
parameter sets which reproduce |ǫK | ∈ [1.2, 3.2] ·10−3 for
different MKK bins and three values of ξ:
MKK [TeV] 1–2 2–3 3–4 4–5 5–10
original model 5% 10% 18% 25% 41%
extended model (ξ = 0.5) 20% 43% 59% 66% 77%
extended model (ξ = 1) 18% 38% 56% 64% 77%
extended model (ξ = 2) 14% 32% 50% 62% 76%
Even for low KK scales the RS flavor problem is solved
in the extended model, since no significant fine-tuning is
required to keep |ǫK | within the allowed range.
A characteristic prediction of the minimal RS model
with bulk gauge fields is the existence of a tower of KK
gluons, whose lowest-lying mode has a mass given by
mg1 ≈ 2.448MKK [22]. In our extended model an ad-
ditional tower of KK pseudo-axial gluons with mixed-
chirality couplings to SM quarks appears. Their masses
are very similar to the masses of the KK gluons. In ad-
dition, our model gives rise to massive, color-octet scalar
fields, which in the scenario sketched above would trans-
form as doublets under SU(2)L. It also follows that
quarks and leptons must couple to different scalar fields,
which may offer a possibility to explain their different
mass scales. A detailed discussion of the extended scalar
sector, and of the collider and flavor phenomenology of
our model, will be presented elsewhere.
With the RS flavor problem solved, the strongest con-
straints on the KK scale of the extended RS model come
from the electroweak sector, namely from the oblique pa-
rameters S, T and the Zbb¯ couplings. The correspond-
ing bounds can be relaxed by extending the electroweak
gauge group in the bulk to include a custodial symmetry
[23–25]. If this is done the T parameter is protected, but
at tree level the constraint from the S parameter requires
that MKK > 2.4TeV [8]. Lowering the scale factor L of
the extra dimension [15], replacing the IR brane by a
soft wall [26], or deforming the metric near the IR brane
[27] provide alternatives for relaxing these bounds. On
the other hand, depending on the exact realization of the
extended scalar sector, new contributions to electroweak
precision observables may arise in our model.
In summary, we have shown that an extension of the
strong-interaction gauge group in the bulk provides a nat-
ural and in many ways minimal solution to the flavor
problem of warped extra-dimension models. The most
severe flavor constraint, arising from the ǫK parameter in
K–K¯ mixing, is relaxed by an exact cancellation of the
KK gluon and pseudo-axial gluon contributions to the
dangerous mixed-chirality four-quark operators at lead-
ing order in 1/M2KK, leaving only tolerable v
2/M4KK con-
tributions to these operators. As a result, KK scales as
low as 1–2TeV, corresponding to KK excitations of the
gluon and pseudo-axial gluon as light as 2.5–5TeV, be-
come allowed without significant fine-tuning. From the
point of view of LHC collider physics, the extended RS
model is thus more promising than the original one.
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